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Advanced age is a risk factor of severe acute respiratory 
syndrome (SARS) in humans. To understand its patho- 
genesis, we developed an animal model using BALB/c 
mice and the mouse-passaged Frankfurt 1 isolate of 
SARS coronavirus (SARS-CoV). We examined the im- 
mune responses to SARS-CoV in both young and adult 
mice. SARS-CoV induced severe respiratory illness in all 
adult, but not young, mice on day 2 after inoculation 
with a mortality rate of 30 to 50%. Moribund adult mice 
showed severe pulmonary edema and diffuse alveolar 
damage accompanied by virus replication. Adult murine 
lungs, which had significantly higher interleukin (IL)-4 
and lower IL-10 and IL-13 levels before infection than 
young murine lungs, rapidly produced high levels of 
proinflammatory chemokines and cytokines known 
to induce macrophage and neutrophil infiltration 
and activation (eg, tumor necrosis factor-a). On day 
2 after inoculation, young murine lungs produced 
not only proinflammatory cytokines but also IL-2, 
interferon-y, IL-10, and IL-13. Adult mice showed 
early and acute excessive proinflammatory re- 
sponses (ie, cytokine storm) in the lungs after 
SARS-CoV infection, which led to severe pulmonary 
edema and diffuse alveolar damage. Intravenous in- 
jection with anti-tumor necrosis factor-a antibody 3 
hours after infection had no effect on SARS-CoV 
infection. However, intraperitoneal interferon-y in- 
jection protected adult mice from the lethal respi- 
ratory illness. The experimental model described 
here may be useful for elucidating the pathophysi- 
ology of SARS and for evaluating therapies to treat 


SARS-CoV infection. (Am J Pathol 2008, 172:1625-1637; 
DOI: 10.2353/ajpath.2008.071060) 


In the severe acute respiratory syndrome-associated 
coronavirus (SARS-CoV) epidemic of winter 2002 to 
2003, ~800 people (10% of the >8000 SARS patients) 
suffered progressive respiratory failure and died.'® 
Common symptoms of SARS include fever, nonproduc- 
tive cough, myalgia, and dyspnea. An age of 60 years or 
older, co-morbid disease, male sex, high neutrophil 
counts, and several biochemical abnormalities are asso- 
ciated with poor outcomes.®'° 

The SARS-CoV spike (S) protein mediates the infection 
of cells bearing an appropriate receptor.'' One such 
receptor is angiotensin-converting enzyme 2 (ACE2), 
which binds SARS-CoV §S protein with high affinity.''~'4 
That the binding of SARS-CoV to ACE2 may contribute to 
SARS-CoV-associated pathology is suggested by sev- 
eral reports showing that angiotensin || expression pro- 
motes severe lung failure on acute lung injury whereas 
ACE2 expression protects from lung injury. '°:'® However, 
it is likely that the acute lung injury caused by SARS-CoV 
infection is also attributable to a complex pathophysio- 
logical process in which inflammatory cytokines released 
by activated alveoli macrophages induce immune sys- 
tem dysregulation. '7 °° 

To understand the pathogenesis of SARS-CoV, the 
SARS-CoV susceptibility of experimental animals such as 
monkeys, cats, ferrets, mice, pigs, guinea pigs, ham- 
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sters, chickens, and rats has been investigated.*:7! 8 


All of these animals are susceptible to SARS-CoV after 
intrarespiratory inoculation and exhibit virus excretion in 
pharyngeal or nasal swabs, histopathological pulmonary 
lesions, and seroconversion. However, the course of in- 
fection in these animals is shorter than that in humans. 

As in humans, an advanced age correlates positively 
and independently with adverse outcomes and is a pre- 
dictor of mortality in animal models.&~'° Moreover, SARS- 
CoV isolates replicate better in aged BALB/c mice than in 
younger mice.*® It is likely that the correlation between 
poor outcome and advanced age reflects the weakened 
immune responses of the elderly, in particular their im- 
paired cytokine responses. This is significant because 
cytokines regulate the immune response to infection. In- 
deed, analysis of the cytokine responses of elderly indi- 
viduals to respiratory infections that lead to severe pul- 
monary diseases (eg, Listeria monocytogenes, respiratory 
syncytial virus, influenza virus)%° 3% have revealed unbal- 
anced Th1-type and Th2-type responses. 

We recently succeeded in establishing a rat model of 
SARS using rat-passaged SARS-CoV.** Although the rat- 
passaged SARS-CoV was not lethal, it induced more 
severe pathological lesions in adult F344 rats than in 
young rats. We found that the severe inflammation in the 
adult rats was associated with high levels of inflammatory 
cytokines in the serum and lung homogenates, especially 
interleukin (IL)-6, along with low levels of the immunosup- 
pressive cytokine IL-10. IL-6 is an inflammatory cytokine 
that is produced by monocytes, leukocytes, endothelial 
cells, fibroblasts, and alveolar epithelial cells. SARS pa- 
tients have significantly elevated serum IL-6 levels.'? 
IL-10 is produced by macrophages, Th2 lymphocytes, 
and B cells and inhibits tumor necrosis factor (TNF)-a 
production and neutrophil activation in lipopolysaccha- 
ride-induced acute lung injury, thereby suppressing lung 
tissue injury.°° It has been reported that serum IL-10 
levels increase in SARS patients during the convales- 
cence phase. '? 

In this study, we established a new and more useful 
experimental small animal model for SARS by using 
BALB/c mice and mouse-passaged SARS-CoV. This 
model allows us to better characterize the virus-host re- 
lationship and determine which immune responses are 
antiviral and which are pathogenic. Here, we sought to 
determine why SARS-CoV infection is more frequently 
lethal in elderly patients by comparing SARS-CoV-in- 
fected adult and young mice in terms of their pulmonary 
pathology and immune responses. 


Materials and Methods 


Virus and Cells 


The Frankfurt 1 isolate of SARS-CoV used in this study 
was kindly supplied by Dr. John Ziebuhr, Institute of 
Virology and Immunology, University of Wurzburg, Warz- 
burg, Germany. The virus was propagated twice in Vero 
E6 cells purchased from American Type Cell Collection 
(Manassas, VA) that were cultured in Eagle’s minimal 


essential medium (MEM) containing 5% fetal bovine se- 
rum, 50 IU of penicillin G, and 50 wg of streptomycin per 
ml. Titers of this stock virus were expressed as 50% of the 
tissue culture infectious dose (TCIDs,)/ml on Vero E6 
cells, which was calculated according to the Behrens- 
Karber method. Work with infectious SARS-CoV was per- 
formed under biosafety level 3 conditions. Compared to 
the original virus, the Frankfurt 1 isolate used in our 
laboratory has one amino acid change at position 641 
(His to Tyr) in the S protein and another in open reading 
frame (ORF) 1a 429 (Ala to Ser). These changes presum- 
ably arose during the passage through Vero E6 cells. 


Mice 


Female 4-week-old or 6-month-old BALB/c mice were 
purchased from Japan SLC (Shizuoka, Japan) and main- 
tained in specific pathogen-free facilities. On experimen- 
tal infection, these animals were housed in biosafety level 
3 animal facilities. These animal experiments were ap- 
proved by the Animal Care and Use Committee of the 
National Institute of Infectious Diseases, Tokyo, Japan. 


Serial in Vivo Passage of SARS-CoV in Mice 


The Frankfurt 1 isolate of SARS-CoV was serially pas- 
saged 10 times in 4-week-old female BALB/c mice, as 
follows. After intranasal inoculation, three mice were sac- 
rificed on day 3 after inoculation and their bronchoalveo- 
lar wash fluids were collected. These bronchoalveolar 
fluids were then used to inoculate three additional 
BALB/c mice, whose bronchoalveolar fluids on day 3 
after inoculation were used to inoculate fresh mice. After 
10 such passages in mice, the lungs were removed 
under sterile conditions, washed three times, and homog- 
enized in 1 ml of phosphate buffer containing 0.1% bo- 
vine serum albumin, 20 IU of penicillin G, 20 pl of strep- 
tomycin, and 1 wg of amphotericin B per ml. The lung 
homogenates were centrifuged at 1000 x g for 20 min- 
utes, and 1 ml of the supernatants in 10 ml of MEM 
containing 2% fetal bovine serum were used to infect 
Vero E6 cells. After 1 hour of adsorption, the inoculum 
was removed and MEM containing 2% fetal bovine serum 
was added. The cell cultures were incubated at 37°C with 
5% COs for 2 days and then treated once with freeze- 
thawing. After centrifugation at 1000 x g for 20 minutes, 
the supernatants (referred to here as F-musX-VeroE6) 
were used as the virus inoculum. Compared to the orig- 
inal virus, F-musX-VeroE6 has amino acid mutations in 
the S protein at positions 480 (Asp to Glu) and 641 (His to 
Tyr); The latter change is identical to one of the mutations 
found in the Frankfurt 1 isolate. In the completely se- 
quenced genome, F-musX-VeroE6 also has two addi- 
tional mutations in ORF1a 3534 (Phe to Leu) and ORF1ab 
5172 (Thr to lle). The mutation in ORF1a 429 found in the 
Frankfurt 1 isolate was not present. 


Experimental Mouse Infection 


Mice were anesthetized by intraperitoneal injection with a 
0.1 ml/10 g body weight mixture of 1.0 mg ketamine and 


0.02 mg xylazine. The animals were then inoculated in- 
tranasally in the left nostril with the Frankfurt 1 isolate or 
F-musX-VeroE6 (2 X 10° TCIDzg in 20 pl) and observed 
for clinical signs. Body weight was measured daily for 10 
or 21 days. Infected animals were also sacrificed at var- 
ious time points after inoculation to analyze virus replica- 
tion, hematology, cytokine expression, and pathology 
(n = 3 in each group). 


Virus Isolation and Titration 


Twenty percent (w/v) tissue homogenates of the lung, 
maxilla (including the nasal cavity), cervical lymph node, 
spleen, liver, and kidney were prepared in MEM contain- 
ing 2% fetal bovine serum, 50 IU penicillin G, 50 wg 
streptomycin, and 2.5 wg amphotericin B per ml (MEM- 
2FBS). Bronchoalveolar and nasal wash fluids were also 
collected for analysis of virus replication. Viral infectivity 
titers of respiratory tract and wash fluids were determined 
as described above. Virus isolation from other tissues 
was performed by blind passage after freezing and thaw- 
ing the first-round passage using Vero E6 cells. 


Hematological Analysis 


Total blood cell counts in peripheral blood collected in 
sodium-heparinized tubes were measured by an auto- 
analyzer (Cell Tuck; Nihon Koden, Tokyo, Japan). Neu- 
trophil, lymphocyte, monocyte, eosinophil, and basophil 
counts were determined by microscopic analysis. 


Flow Cytometric Analysis 


Antibodies used for flow cytometry were anti-CD4-phy- 
coerythrin-Cy5 (eBioscience, San Diego, CA), anti-CD8B- 
phycoerythrin (Santa Cruz Biotechnology, Santa Cruz, 
CA), and anti-pan-NK cells-fluorescein isothiocyanate 
(eBioscience). Cells incubated with these surface-bind- 
ing antibodies were fixed in 2% paraformaldehyde in 
phosphate-buffered saline (PBS) and subjected to flow 
cytometry (EPICS Elite; Beckman Coulter, Fullerton, CA) 
using EXPO cytometer software (Beckman Coulter). 


Cytokine Multiplex Analysis 


Homogenized lung tissue samples were diluted 1:1 with 
cell extraction buffer [10 mmol/L Tris, DH 7.4, 100 mmol/L 
NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L NaF, 20 
mmol/L Na,P,07, 2 mmol/L Na3;VO,, 1% Triton X-100, 
10% glycerol, 0.1% sodium dodecyl sulfate, and 0.5% 
deoxycholate (BioSource International, Inc., Camarillo, 
CA)], incubated for 30 minutes on ice with vortexing at 10 
minute intervals, and then centrifuged at 15,000 x g for 
10 minutes at 4°C. Supernatants were diluted 1:5 in assay 
diluent of the Mouse Cytokine 20-Plex antibody bead kit 
(BioSource International). Sera and the 20% lung homog- 
enate supernatants were subjected to ultraviolet irradia- 
tion for 10 minutes to inactivated virus infectivity and 
stored at —80°C until they were used to determine the 
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presence of mouse cytokines, namely, basic fibroblast 
growth factor, GM-CSF, interferon (IFN)-y, IL-1a, IL-1, 
IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40/p70, IL-13, IL-17, 
IP-10, keratinocyte chemoattractant (KC), monocyte che- 
moattractant protein 1 (MCP-1), MIG, MIP-1a, TNF-a, and 
vascular endothelial growth factor (VEGF), by using the 
Mouse Cytokine 20-Plex antibody bead kit and Luminex 
100TM (Luminex Co., Austin, TX). 


Histopathological and Immunohistochemical 
Analysis 


Animals (n = 3 in each group) were anesthetized and 
perfused with 2 ml of 10% phosphate-buffered formalin. 
Fixed lung, heart, kidney, liver, spleen, small and large 
intestine, brain, spinal cord, and maxilla (including nasal 
cavity) tissues were routinely embedded in paraffin, sec- 
tioned, and stained with hematoxylin and eosin. Maxilla 
samples were decalcified in phosphate-buffered saline 
(pH 7.4) plus 10% EDTA before being embedded. Immu- 
nohistochemical detection of the SARS-CoV antigens 
was performed on paraffin-embedded sections, as fol- 
lows. After deparaffinizing with xylene, sections were re- 
hydrated in ethanol and immersed in PBS. Antigens were 
retrieved by hydrolytic autoclaving for 20 minutes at 
121°C in 10 mmol/L sodium citrate-sodium chloride 
buffer (pH 6.0). After cooling, the sections were im- 
mersed in PBS. Endogenous peroxidase was blocked by 
incubation in 1% hydrogen peroxide in methanol for 30 
minutes. After washing in PBS, the sections were incu- 
bated with normal rabbit serum for 5 minutes, and then 
with rabbit antibody against SARS-CoV**'*° overnight at 
4°C. After three washes in PBS, the sections were incu- 
bated with biotin-conjugated anti-rabbit IgG for 30 min- 
utes at 37°C, followed by reaction with streptavidin-per- 
oxidase for 30 minutes at room temperature. Peroxidase 
activity was detected by development with diaminoben- 
zidine containing hydrogen peroxide. Nuclei were coun- 
terstained by hematoxylin. 


Double Immunofluorescence Staining 


SARS-CoV- and mock-infected adult and young mice 
were euthanized 1, 3, and 5 days after inoculation by 
exsanguination under excess ether anesthesia, after 
which the lungs were harvested for pathological exami- 
nation (three mice per group). Mock infection was per- 
formed by using MEM containing 2% fetal bovine serum. 
For staining with anti-Mac-3 and anti-surfactant D (SP-D) 
antibodies and to detect SARS-CoV antigens, the lungs 
were fixed with 4% paraformaldehyde in PBS at 4°C for 
15 to 18 hours and embedded in paraffin according to 
the manufacturer's instructions (BD Biosciences Pharm- 
ingen, San Diego, CA). The paraffin-embedded sections 
were then subjected to a double-immunofluorescence 
staining method®’ using a polyclonal rabbit antibody 
against SARS-CoV*° and the SKOT9 monoclonal mouse 
antibody against nucleocapsid protein®® or a monoclonal 
rat anti-Mac-3 antibody against mouse mononuclear 
phagocytes (BD Biosciences Pharmingen), and a poly- 
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clonal rabbit anti-SP-D antibody (Chemicon International, 
Inc., Billerica, MA). Briefly, after deparaffinization with 
xylene, the sections were rehydrated in ethanol and im- 
mersed in PBS. Antigens were retrieved by hydrolytic 
autoclaving for 10 minutes at 121°C in 10 mmol/L sodium 
citrate-sodium chloride buffer (oH 6.0). After cooling, the 
sections were immersed in PBS, and then incubated with 
primary antibodies overnight at 4°C. To block back- 
ground staining, normal donkey serum or the M.O.M. 
immunodetection kit for primary mouse monoclonal anti- 
body (Vector Laboratories, Burlingame, CA) were used 
according to the manufacturer’s instructions. After three 
washes in PBS, the sections were incubated for 30 min- 
utes at 37°C with biotin-conjugated secondary antibod- 
ies, ie, a donkey anti-rat serum (Jackson ImmunoRe- 
search, West Grove, PA) to detect the Mac-3 antibody or 
a goat anti-rabbit serum (Jackson ImmunoResearch) to 
detect the SP-D antibody. After three washes in PBS, the 
sections were incubated with streptavidin-Alexa Fluor 
488 (Molecular Probes, Eugene, OR) for 60 minutes at 
room temperature. After three washes in PBS, to detect 
the SARS-CoV antibodies (the SKOT9 or the rabbit anti- 
body), the sections were incubated with anti-rabbit or 
anti-mouse Alexa Fluor 568 (Molecular Probes) for 60 
minutes at room temperature. The sections were coun- 
terstained with TO-PRO-3 nucleic acid staining (Molecu- 
lar Probes) and images were captured and analyzed by 
confocal laser microscopy (Fluoview, FV1000; Olympus, 
Tokyo, Japan). 


Anti-Mouse TNF-a Antibody or IFN-y Treatment 
in Vivo 


Three hours after intranasal inoculation of F-musX-VeroE6 
(2 X 10° TCIDso in 20 pl), adult (6-month-old) BALB/c 
females mice were injected intravenously with 100 pl of 
anti-mouse TNF-a rat monoclonal antibody (1 wg/pl, Bio- 
source), or isotype-matched control rat antibody (1 wg/pl; 
MP Biomedicals, Solon, OH) in PBS, or injected intraperi- 
toneally with 100 pl of recombinant mouse IFN-y (0.05 
pg/pl; R&D Systems, Minneapolis, MN) or intraperitoneal 
injection with 100 pl of PBS/0.1% bovine serum albumin 
was used as control. At least two independent experi- 
ments were performed (n = 5 or 8 per group). 


Evaluation of Blood Permeability 


SARS-CoV- and mock-infected mice were injected intra- 
venously with 100 pl of 1% Evans blue dye (Tokyo Kasei, 
Tokyo, Japan) 1 hour before sacrifice (9 = 3 in each 
group). Mock infection was performed by using MEM 
containing 2% fetal bovine serum. After perfusion with 
isotonic saline, the whole lung was removed and im- 
mersed in 10% phosphate-buffered formalin. The fixed 
lungs were immediately frozen in cold acetone with dry 
ice in 100% O.C.T. compound (Sakura Finetechnical Co. 
Ltd., Tokyo, Japan). Cryosections (5 gm) (CM1900; 
Leica, Wetzlar, Germany) were mounted on MAS-coated 
slides (Matsunami, Osaka, Japan), air-dried, and exam- 
ined with a fluorescence microscope. 


Statistical Analysis 


Statistical significance was determined by Student's t- 
test. P values <0.05 were considered significant. 


Results 


The Virulence and Pathogenicity of SARS-CoV 
in Mice Is Enhanced by Serial Mouse Passaging 


The Frankfurt 1 isolate was passaged twice on VeroE6 
cells and then serially passaged 10 times in young 
BALB/c mice (4-week-old females) by intranasal inocula- 
tion of bronchoalveolar fluids from infected mice. The 
F-musX-VeroE6 strain showed higher replication and 
pathogenicity in the respiratory tract of young BALB/c 
mice than the original Frankfurt 1 isolate, as follows (Fig- 
ure 1, A-E). On day 3 after inoculation, F-musX-VeroE6 
replication in the lung washes was higher than that of the 
original Frankfurt 1 isolate (P = 0.055) but lower in the 
nasal washes (P < 0.01) (Figure 1A). Compared to Frank- 
furt 1 isolate-inoculated young mice, the F-musX-VeroE6- 
inoculated young mice also evinced more lung inflamma- 
tion, as shown by neutrophil, macrophage, and 
lymphocyte infiltration and virus antigen-positive cells in 
the alveolar spaces (Figure 1, B-E). However, the 
F-musX-VeroE6-inoculated young mice did not develop 
any obvious respiratory illnesses, although they did show 
transient weight loss for a few days after inoculation (data 
not shown). 

Because advanced age is associated with higher mor- 
tality in human SARS patients and SARS-CoV replicates 
better in aged mice,&'°?2 we experimentally infected 
6-month-old (adult) female BALB/c mice with F-musx- 
VeroE6 or the Frankfurt 1 isolate. Although none of the 
mice showed clinical signs of illness after intranasal in- 
oculation with Frankfurt 1 isolate, all F-musX-VeroE6-in- 
oculated mice became severely ill, as revealed by signif- 
icant weight loss (~20% of their initial body weight), 
hunching, ruffled fur, and dyspnea on day 2 after inocu- 
lation (Figure 1F). Three of the ten mice became mori- 
bund and died of severe respiratory illness on days 3, 6, 
and 10 after inoculation (30% mortality rate). The surviv- 
ing animals recovered their body weight during days 4 to 
6 after inoculation. 


Pathogenesis of Mouse-Passaged SARS-CoV 
in Young and Adult BALB/c Mice 


These results demonstrated that serial in vivo passage of 
SARS-CoV in mice increased the virulence of the virus, 
especially in adult mice. Thus, we characterized the clin- 
ical and pathological features of F-musX-VeroE6-infected 
young and adult mice up until day 5 after inoculation in 
more detail. The young mice again showed transient 
weight loss of up to 8.2% (SD = 3.7%) during days 2 to 
4 after inoculation but had recovered their weight by day 
5 after inoculation (Figure 2A). In contrast, the adult mice 
showed continuous weight loss of up to 23.0% (SD = 


4.5%) of their initial body weight that continued until day 
5 after inoculation. All adult mice showed virtually identi- 
cal clinical manifestations during days 1 to 2 after inoc- 
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Figure 1. Comparison of the replication and pathogenicity of F-musX- 
VeroE6 and the original Frankfurt 1 isolate in young (4 weeks old) (A-E) 
and adult (6 months old) (F) female BALB/c mice. A: Virus titers in nasal 
wash fluids, homogenates of maxilla (including the nasal cavity), lung 
wash fluid, and lung homogenates of young mice on days 3, 5, and 7 after 
inoculation (7 = 3 per group). The detection limit was 10'? TCID<o/g of 
tissue. Asterisks indicate statistically significant differences between F- 
musX-VeroE6 and the Frankfurt isolate (P < 0.05). B-E: Histopathological 
features of the lungs of young mice on day 3 after inoculation. B: After 
infection with the Frankfurt 1 isolate, inflammatory infiltrates in the lung 
were not detected. Moreover, very few alveolar pneumocytes and alve- 
olar duct and alveolus epithelial cells were SARS-CoV antigen-positive (C, 
arrowheads). In contrast, extensive cellular infiltration (D) and many 
virus antigen-positive cells CE) were seen in the alveolar area after F- 
musX-VeroE6 infection. F: Clinical illness in individual 6-month-old adult 
BALB/c mice after Frankfurt isolate or F-musX-VeroE6 infection (7 = 10 per 
group). Shown are the changes in body weight (expressed as percentages of the 
body weight on day 0). The mean initial body weight of the two mouse groups 
(on day 0) were 24.72 + 1.04 g and 25.44 + 1.55 g, respectively. Significant 
differences in body weight change were detected on days 2 to 8 after inocula- 
tion. For example, the average body weight F-musX-VeroE6-infected adult mice 
on day 5 after inoculation was 83.4 + 9.88% of the mean day 0 body weight. This 
was significantly lower than the average body weight change of Frankfurt 1 
isolate-infected adult mice on day 5 after inoculation (102.4 + 2.99%). Three 
F-musX-VeroE6-infected adult mice died (crosses) of severe pulmonary edema 
on days 3, 6, and 10 after inoculation. 
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ulation (Such as hunching and ruffled fur) that were not 
observed in the young mice. Severe respiratory symptoms 
such as dyspnea were also observed in the adult mice from 
2 days after inoculation onwards. In this experiment, 50% of 
the adult mice had died by day 5 after inoculation. 

The lungs of infected young and adult mice were 
weighed on days 0 to 5 after inoculation. The progressive 
increase in lung weight of the adult mice suggested the 
development of pulmonary edema (Figure 2, B and C). 
By day 5 after inoculation, the adults showed significantly 
greater lung weight changes than the young mice (P < 
0.01). The lungs of infected young and adult mice were 
also subjected to histopathological analysis on days 1 to 
5 after inoculation (Figure 3, A-H). On day 1 after inocu- 
lation, both young and adult mice had antigen-positive 
epithelial cells in the bronchi and alveoli. The antigen- 
positive cells in the alveoli were considered on the bases 
of morphology and immunohistochemistry to be mainly 
type Il pneumocytes (Figure 3, A and E; see Supplemen- 
tal Figure S1 at htto-//ajo.amjpathol.org). On day 2 after 
inoculation, antigen-positive atrophic and necrotic cells 
were seen in the alveolar area of both mice (Figure 3B). In 
addition, antigen-positive activated alveolar macro- 
phages associated with inflammatory infiltrations were 
seen in the alveolar area of adult mice (Figure 3F). No 
antigen-positive cells were seen in the bronchi on day 2 
after inoculation or afterward in either young or adult 
mice. On day 3 after inoculation, the young mice had 
diffuse inflammatory infiltrates consisting mainly of mono- 
nuclear cells (Figure 3, C and D), and virus antigen- 
positive cells were seen in the alveolar area. Activated 
macrophages, lymphocytes, and neutrophils were seen 
in the alveoli on days 4 and 5 after inoculation. In con- 
trast, the adult mice evinced severe pulmonary edema, 
and congestion on day 3 after inoculation (Figure 3, G 
and H). In these mice, the main inflammatory cells around 
the adult blood vessels and alveolar area on days 3 to 5 
after inoculation were neutrophils and activated macro- 
phages. Fibrin deposition and hyaline membrane forma- 
tion in the alveolar duct and alveoli were also observed 
(Figure 3H), and microhemorrhages was seen in the al- 
veolar area. The adult mice also had high virus titers in the 
lung and maxilla (including nasal cavity) and their fluid 
(Figure 2, D and E). After the infection, virus continued to be 
isolated from the cervical lymph nodes, spleen, liver, and 
kidneys of adult mice after day 2 after inoculation whereas 
virus could no longer be isolated from any young mouse 
tissue (apart from the lung) after this time point (Table 1). 


Different Immune Responses to SARS-CoV in 
Young and Adult Mice 


To analyze the immune responses of young and adult mice 
after infection with F-musX-VeroE6, we examined their pe- 
ripheral blood white blood cell counts (Figure 4), and mea- 
sured the levels of 20 different chemokines and cytokine 
levels in their plasma and lung homogenates (Figures 5 and 
6). Before infection (day 0), the adult mice had significantly 
lower white blood cells counts, especially with regard to 
lymphocytes (including CD4* and CD8£* T cells), than the 


1630 Nagata et al 
AJP June 2008, Vol. 172, No. 6 


> 


lung weight change 
1 
Ee * 
re} * 
35 s 
g 5 0.5 ee 
8 a . adult 
€ 
3 = 0 
& Od id 2d 3d 4d 5d 
days after inoculation 
1d p.i. 3d p.i. 5d p.i. 


Cc 


Mock 
Av i 
a ledil i bia 


young mice E adult mice 


10 


log TCID50/m! 
log TCID50/ml 


1d 2d 3d 4d 5d 1d 2d 3d 4d 5d 
days after inoculation days after inoculation 


Figure 2. The pathophysiology induced by mouse-passaged SARS-CoV differs between young and adult mice. F-musX-VeroE6-infected young and adult mice were examined 
at the same time points after inoculation. Asterisks indicate statistically significant differences between young and adult mice (P < 0.05). A: Mean change in body weight 
(expressed as a percentage of the body weight on day 0) (72 = 6 per group). Three (50%) of the adult mice became moribund and died (crosses) by day 5 after inoculation. B: 
To assess the lungs for pulmonary edema, the lungs were weighed after mice were sacrificed on days 1 to 5 after inoculation by exsanguination under anesthesia (7 = 3 per 
group). C: Lungs from virus- and mock-infected young and adult mice obtained at the indicated time points after inoculation. Arrowheads indicate focal congestion. On day 
5 after inoculation, a moribund adult mouse had dark red congested lungs. D and E: Virus titers in the nasal (pale green bar) and lung (yellow bar) wash fluids and homogenates 
of the maxilla (including nasal cavity, green bar) and lung (orange bar) on days 1 to 5 after inoculation (71 = 3 per group). The detection limit was 10'? TCID59/g of tissue. 


young mice (Figure 4). After infection, the neutrophil counts cantly (P < 0.05) on days 2, 3, and 4 after inoculation but 
in the adult mice increased; however, this change was not then recovered, CD8B* T-cell counts decreased signifi- 
observed in the young mice. In young mice, relative to cantly on day 2 and then recovered, and CD4~ T-cell 


counts on day O, lymphocyte counts decreased signifi- counts decreased slightly and then showed a significant 
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young mice 


7 Br 
adult mice 


Figure 3. Histopathological findings in the lungs of young (A—D) and adult CE-H) mice on days 1 (A, E), 2 (B, F), and 3 (C, D, G, HD after inoculation. Br, bronchi; 
Al, alveoli; BV, blood vessel; H, hyaline membrane. The results in each panel are representative of at least three mice for each panel. Immunohistochemical 
staining with anti-SARS-CoV-specific antibody revealed virus antigen-positive cells in pulmonary epithelial cells of the bronchi and alveolar area, and type II 
pneumocytes (inset) in both young and adult mice on day 1 after inoculation (A, E). On day 2 after inoculation, atrophic cells in the alveolar area of young mice 
were positive for virus antigen (B, inset). In adult mice at the same time point activated alveolar macrophages presented in the alveolar space were also positive 
for virus antigen (F, inset). On day 3 after inoculation, the young mice showed slight inflammatory mononuclear cell infiltration in the alveolar area (C, inset; 
and D) but the adult mice exhibited massive pulmonary edema and inflammatory polynuclear leukocyte infiltration around blood vessels (G, inset). H: They also 
showed hyaline membrane formation in the alveolar duct. 


increase on day 5. In contrast, although the lymphocyte With regard to the cytokine responses of the mice, 
counts of adult mice also dropped and were significantly the lung homogenates of adult mice on day 1 after 
lower than day O counts on days 3 and 4, they did not inoculation had significantly higher levels of monocyte- 
evidence an improvement on day 5 after inoculation. More- related chemokines [ieé, MCP-1, macrophage inflam- 
over, the CD8gB* T- and CD4* T-cell counts of the adult matory protein 1 (MIP-1), and IFN-y-inducible protein 
mice also showed significant drops on days 1, 3, and 4 after 10 (IP-10)] than those from young mice (Figure 5). In 
inoculation (P < 0.05) but had recovered poorly on day 5 contrast, on day 2 after inoculation, the lung homoge- 
after inoculation, unlike the counts in young mice. With nates of young mice exhibited elevated levels of these 
regard to the PanNK* cells counts, both the young and three cytokines as well as KC, monokine induced by 
adult mice showed a marked drop on day 1 after inoculation IFN-y (MIG), and vascular endothelial growth factor 
that was followed by a brief recovery and then another loss (VEGF) (Figure 5). Compared to young mice, the lung 
on day 4 after inoculation cell count loss at day 1 and 5 days homogenates of adult mice on day 1 after inoculation 
after inoculation compared with 0 days after inoculation in also had higher levels of IL-1a, IL-1B, and TNF-a, and 
adult mice (P < 0.05). on day 3 after inoculation, higher levels of IL-6 were 


Table 1. Virus Isolation from Different Tissues of F-musX-VeroE6-Infected BALB/c Mice at Various Time Points after Inoculation 
(n = 3 per Time Point) 


Young mice (4-week-old BALB/c) Adult mice (6-month-old BALB/c) 
Days after inoculation Lung Cervical L/N Spleen Liver Kidney Lung Cervical L/N Spleen Liver Kidney 
O days 0* 0 0 0 6) 0 ) (6) ) ) 
1 day 3 3 3 1 (6) 3 3 3 3 0 
2 days 3 3 2 2 ) 3 3 2 2 1 
3 days 3 ¢) 0 0 ) 3 2 1 1 1 
4 days 3 0 0 0 6) 3 2 6) ) 0 
5 days 3 0 0 (6) ) 3 e) 1 ) 0 


“Number of virus isolation-positive animals. 
LIN, lymph node. 
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Figure 4. White blood cell (WBC) counts in young and adult mice through- 
out time after inoculation. Shown are total WBC, neutrophil, monocyte, 
lymphocyte, CD4-positive cell, CD8B-positive cell, and NK cell counts in the 
peripheral blood of young and adult mice after intranasal inoculation with 
mouse-passaged SARS-CoV (7 = 3). *P < 0.05 indicate statistically significant 
differences between young and adult mice at the same time point. *P < 0.05 
and *P < 0.05 indicate statistically significant differences within groups 
relative to day 0 in young or adult mice, respectively. 


observed (Figure 6). In contrast, the lung homogenates 
of young mice had significantly higher levels of IFN-y 
(on day 2 after inoculation), IL-2 (on days 2 to 5 after 
inoculation), IL-10 (on days O, and 2 to 5 after inocu- 
lation), and IL-13 (on days 0 to 2, and 4 and 5 after 
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inoculation). Notably, the lung homogenates of prein- 
fected adult mice (day 0) had higher IL-4 and lower 
IL-10 and IL-13 levels than young murine lungs. These 
observations indicate that the patterns of cytokine/che- 
mokines responses are different between young and 
adult mice after SARS-CoV infection. Adult mice 
showed early and acutely excessive proinflammatory 
responses in the lung after SARS-CoV infection. 


Effect of Injecting Anti- TNF-a Antibody or IFN--y 
on the Pathogenesis of Mouse-Adapted 
SARS-CoV in Adult Mice 


To determine whether the TNF-a response of the adult 
mice and the IFN-y produced by the young but not 
adult mice played significant roles in the development 
of SARS-like illness by the F-musxX-VeroE6-infected 
adult mice, we treated adult mice with an anti-TNF-a 
antibody or IFN-y 3 hours after infection (Figure 7, A 
and B). Although the intravenous injection with anti- 
TNF-a antibody delayed the onset of this weight loss in 
the infected adult mice, as well as the onset of respi- 
ratory illness, both the anti- TNF-a antibody-treated and 
control adult mice showed significant body weight loss 
up until 6 days after inoculation and there were no 
significant differences in mortality rates between 
treated and control adult mice (treated adult mice: 
62.5%, 50% mortality rate; control adult mice: 37.5%, 37.5% 
mortality rate in two separate experiments) (Figure 7A). In 
contrast, the IFN-y-treated mice rapidly recovered from the 
illness as evidenced by their body weight loss and severe 
acute respiratory symptoms and all animals survived after 
onset 3 days after inoculation (Figure 7B). In contrast, 50% 
of the control adult mice died. 
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Figure 5. Chemokine protein levels in the lungs of young (white bar) and adult (black bar) mice throughout time after inoculation (7 = 3 per group). Asterisks 
indicate statistically significant higher or lower chemokine levels in adult mice (P < 0.05) compared to young BALB/c mice. Adult mice showed earlier induction 
of MCP-1, MIP-1, and IP-10 in the lungs than young mice but these three chemokines and MIG and VEGF were at significantly higher levels in the lungs of young 


mice on day 2 after inoculation. 
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Figure 6. Cytokine protein levels in lungs and plasma throughout time after inoculation (7 = 3 per group; *” = 6; *7 = 4). Asterisks indicate statistically 


significant higher or lower cytokine levels in adult mice (P < 0.05) compared to in young mice. The adult mice had significantly higher levels of IL-1q, IL-1, IL-6, 
TNF-a, and IL-4 whereas the young mice had significantly higher levels of IL-2, IL-12, IFN-y, IL-10, and IL-13. 


To determine whether the protective effect of IFN-y treat- 
ment is attributable to suppression of viral replication, the 
virus titers on the day 3 after inoculation of nasal washes, 
maxilla homogenates, lung washes, and lung homogenates 
of IFN-y-treated and PBS-treated adult mice after the infec- 
tion were compared. However, the two groups did not differ 
significantly in terms of virus titers in the respiratory 
tracts (Figure 7C). The IFN-y-treated mice showed 
much milder histopathological changes than the un- 
treated mice because only very mild edema with slight 
mononuclear cell infiltration was observed around the 


blood vessels after the infection (Figure 7D). In con- 
trast, the PBS-treated mice exhibited severe edema 
and infiltration of inflammatory cells, mainly neutro- 
phils, around blood vessels (Figure 7E). By examining 
Evans blue dye extravasation, we found the IFN-y- 
treated mice also had lower blood vessel permeability 
than the PBS-treated mice (Figure 8, A-G). Together, 
these results suggest that IFN-y treatment 3 hours after 
inoculation protected the mice from severe SARS-CoV- 
induced pulmonary edema that was responsible for the 
death of the untreated adult mice. 
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Figure 7. Effect of anti-TNF-a antibody or IFN-y injections of infected adult mice on body weight change throughout time after inoculation. Adult mice were 
infected with F-musX-VeroE6 by intranasal inoculation and injected intravenously with anti-TNF-a@ antibody or intraperitoneally with IFN-y 3 hours after 
inoculation. Mean percentages of body weight change of the animals were determined for 10 days after inoculation. Crosses indicate dead mice. Asterisks 
indicate statistically significant differences in weight loss (P < 0.05) compared to control animals. The results shown in each panel are representative of at least 
two independent experiments for each panel (7 = 5 to 8 per group). A: Effect of anti-TNF-a antibody (7 = 8 per group). The control group was injected 
intravenously with rat IgG. B: Effect of IFN-y (7 = 8 per group). The control group was injected with PBS intraperitoneally. C: Virus titers in the nasal (pale green 
bar) and lung (yellow bar) wash fluids and homogenates of the maxilla (including nasal cavity, green bar) and lung (orange bar) on days 3 after inoculation of 
PBS- and IFN-y-treated adult mice (7 = 3 per group). The detection limit was 10’? TCID59/g of tissue. D and E: Lung histopathology in IFN-y- and PBS-treated 
adult mice, respectively. BV, blood vessel; Br, bronchi. Mononuclear cell infiltration was seen in the alveolar area and around blood vessels in the lungs of the 
IFN-y-injected mice (D, inset). In contrast, the lungs of PBS-injected mice exhibited polynuclear leukocyte infiltration around edematous blood vessels (E, inset). 


Discussion creased infectivity in the murine lung. F-musX-VeroE6 

was also able to induce severe SARS-like illness in adult 
To understand better the pathogenesis of SARS after (6-month-old) BALB/c mice and several animals died of 
SARS-CoV infection, we developed a useful experimental severe pulmonary edema and acute alveolar damage. 
mouse model of SARS. When the Frankfurt 1 isolate of However, young (4-week-old) mice were relatively resis- 
SARS-CoV was serially passaged in vivo in young BALB/c tant to F-musX-VeroE6 and did not evince any obvious 
mice, the passaged virus (F-musX-VeroE6) exhibited in- respiratory illness. When the immune responses of in- 


B .mock G virus-IFN D virus-PBS 


mock virus-IFN- virus-PBS 


Figure 8. A-G: IFN-y treatment protects mice from infection-induced blood vessel hyperpermeability in the lung. Virus-infected adult mice (7 = 3) were injected 
intraperitoneally with IFN-y or PBS and the effect of these treatments on lung blood vessel permeability was determined by using Evans blue dye extravasation. A: Blue 
discoloration of the lung tissue of IFN-y- and PBS-treated mice 3 days after inoculation. The black lines indicate the areas examined in more detail in B-G. B-G: The deposition 
of Evans blue dye in lung tissue (pink) was examined in frozen sections of the formalin-fixed tissue by using a fluorescence microscope. Scale bars: 200 um (B-D); 100 am (E-G). 


fected young and adult mice were compared, the adult 
animals had significantly lower pre-existing lymphocyte 
and CD4* and CD8* T-cell counts, their lungs expressed 
significantly higher IL-4 and lower IL-10 and IL-13 levels 
before infection, and their lungs did not show the strong 
up-regulation of IL-2 (a T-cell cytokine), IL-10, IL-13, and 
IFN-y that was exhibited by the young murine lungs after 
infection. During the infection, the lungs of adult mice 
also produced inflammatory chemokine-/cytokine-related 
macrophages (ie, MCP-1, MIP-1 and IP-10, IL-1a, IL-1, 
and TNF-a) earlier than young mice (day 1 after inocula- 
tion) and at higher levels. They also had higher IL-6 levels 
on day 3 after inoculation. In contrast, the young mice 
produced high levels of inflammatory chemokines and 
cytokines (ie, MCP-1, MIP-1, IP-10, KC, MIG, VEGF, and 
IL-1a@) on day 2 after inoculation and produced very little 
IL-6 at any time point. These observations suggest that 
advanced-age BALB/c mice have an early and acutely 
excessive proinflammatory cytokine reactions (ie, a cyto- 
kine storm) in response to F-musX-VeroE6. This cytokine 
storm results in severe pulmonary edema with macro- 
phage and neutrophil infiltration, which causes severe 
acute lung injury and is likely to be the cause of death in 
infected adult mice. Supporting this scenario are reports 
of age-related differences in pulmonary cytokine and 
chemokine responses to other pathogens, especially Th1 
and Th2 cytokine imbalances.?'°° 

Moreover, recent reports showed that unregulated IFN 
responses during acute SARS prevented SARS-CoV-in- 
fected patients from switching from innate to adaptive 
immunity,°°*° and some reports described that IFN-y 
may be responsible for lung immunopathology in SARS 
patients.4'4? Interestingly, in our model, injection of IFN-y 
3 hours after inoculation significantly reduced the acute 
pulmonary edema induced by infection. Notably, these 
protective effects of IFN-y injection were not associated 
with reductions in viral titers in the lung. This animal 
model and human results seem not to be consistent. 
However, these observations together suggest that the 
failure of the adult animals to produce IFN-y, which is a 
prominent immunomodulator that plays a key role in host 
defense against intracellular pathogens,**** was _ re- 
sponsible for their inability to control the excessive and 
pathogenic innate immune response to the virus in the 
lung. Supporting this is our previous study on the rat 
SARS model, which showed that although adult rats de- 
veloped severe inflammatory reactions that led to pulmo- 
nary edema, all of the infected animals survived; signifi- 
cantly, the infected adult rats had similar cytokine profiles 
as infected adult mice except that they also produced 
IFN-y.°4 Thus, a strong and timely IFN-y response may 
be needed to prevent the immunopathology induced by 
SARS-CoV infection. 

With regard to the inflammatory reactions in the 
F-musX-VeroE6-infected adult lung, our histopathological 
and chemokine/cytokine analyses suggested that on day 
1 after inoculation, the affected respiratory epithelial cells 
and pulmonary macrophages released acute inflamma- 
tory chemokines (MCP-1, MIP-1, IP-10) and cytokines 
(IL-1, TNF-a, IL-12). Thus, pulmonary macrophage acti- 
vation associated with the release of TNF-a and IL-1 
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appears to predominate in the early phase of the inflam- 
matory reaction in adults. TNF-a and IL-1 are classic 
acute inflammatory cytokines that recruit neutrophils and 
monocytes to the area of infection along with increasing 
vascular permeability, where they activate these cells so 
that they can eradicate the pathogens. However, when 
TNF-a@ is overexpressed, it can induce systemic clinical 
and pathological abnormalities such as depressing car- 
diac dysfunction and cardiomyocyte death.*°*° This 
double-edged aspect of TNF-a function may be why 
there were no effects of neutralizing TNF-a antibodies on 
SARS-CoV infection in this model. Supporting the key role 
of TNF-a in F-musX-VeroE6-induced immunopathology is 
that the lungs of the adult mice on days 3 and 5 after 
inoculation were infiltrated with predominantly neutro- 
phils; these mice also exhibited neutrophilia. Young mice 
did not evince these changes. This suggested that in- 
fected adult mice produce TNF-a, which then induces 
neutrophil-mediated inflammation in their lungs. Although 
the significance of this is not clear, high neutrophil infil- 
tration in the lung is known to be the cause or the result of 
lung injury characterized by hyaline membrane formation 
and pulmonary edema.*” High neutrophil counts in hu- 
man SARS cases have also been associated with poor 
outcomes.®:'° 

We observed in the anti-TNF-a antibody and IFN-y- 
injection experiments that the control groups, which were 
injected 3 hours after infection with rat IgG serum intra- 
venously or PBS intraperitoneally, showed body weight 
loss starting on day 1 after inoculation. In contrast, un- 
treated mice (such as those shown in Figures 1F and 2A) 
only started to lose weight on day 2 after inoculation. It 
may be that the injection with serum or PBS after the 
infection enhanced the pulmonary edema by hyperper- 
meability in the lung. 

We previously reported that serial in vivo passage of 
SARS-CoV in F344 rats increased the infectivity of the 
virus in rats, and that this correlated with a single amino 
acid change in the virus receptor-binding domain of the S 
protein.°* We detected the similar change in F-musx- 
VeroE6 along with another amino acid change in the 
receptor-binding domain of the S protein in F-musxX- 
VeroE6. The amino acid change may be responsible, at 
least in part, for the increased replication of F-musXxX- 
VeroE6 in the pulmonary tissue of BALB/c mice. '2-19:34.48 
Using another SARS-CoV isolate (Urbani), Roberts and 
colleagues*® have described the development and char- 
acterization of the mouse-adapted strain MA15, which is 
lethal for young (6- to 8-week-old) female BALB/c mice 
after intranasal inoculation. Compared with the original 
Urbani isolate, the MA15 strain had six coding mutations 
that may have been responsible for the mouse adaptation 
and increased virulence of this strain. The fewer amino 
acid mutations in our mouse-adapted F-musX-VeroE6 
strain may be responsible for the fact that it is less virulent 
than MA15. 

In conclusion, we developed an experimental mouse 
animal model of SARS by using in vivo-passaged SARS- 
CoV and BALB/c mice. We found that the virus was lethal 
in adult mice because they generated an excessive in- 
nate immune response that induced lethal pulmonary 
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edema and diffuse alveolar damage with infiltration of 
macrophages and neutrophils. IFN-y appears to play an 
important role in modulating the innate immune response 
because IFN-y treatment protected the animals from the 
lethal respiratory illness. This study, along with our pre- 
vious study** and studies of humans infected with SARS- 
CoV during the SARS epidemic of winter of 2002 to 
2003,°~'° improve our understanding of SARS pathogen- 
esis because they indicate that both advanced age and 
virus adaptation to a particular animal species may dic- 
tate the pathogenic capacity of SARS-CoV. The new ex- 
perimental model described here may also be useful for 
elucidating the pathophysiology of SARS and for evalu- 
ating anti-SARS-CoV vaccine candidates and antiviral 
agents. 
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